Abstract. Skewed T helper 2 (Th2)-cell polarization plays a critical role in the pathogenesis of allergic inflammations; however, the underlying mechanisms require further elucidation. The aim of the present study was to investigate the mechanisms through which the interaction between T-cell immunoglobulin and mucin domain (TIM)4 and TIM1 regulates the expression of silent information regulator 1 (SIRT1) in Th2 cells, and the role of SIRT1 in Th2-cell polarization during nasal allergic inflammation. The results demonstrated that TIM4 expression by splenic dendritic cells was increased in mice with allergic rhinitis, and the TIM4̸TIM1 interaction promoted CD4 + T cells to express SIRT1 during allergic inflammation via enhancing phosphoinositide 3-kinase/Akt phosphorylation. SIRT1 then facilitated CD4 + T-cell proliferation through downregulating the expression of Fas ligand, caspase-3 and p53 in mice with nasal allergic inflammation. In conclusion, the interaction of TIM4̸TIM1 was found to promote Th2-cell proliferation through enhancing SIRT1 expression in mice with nasal allergic rhinitis.
Introduction
The prevalence of allergic diseases has increased rapidly over the past decades, with allergic disorders affecting >20% of the general population worldwide, including food allergies (1), allergic dermatitis (2), allergic rhinitis (AR) and asthma (3) . These disorders have been classified under type I hypersensitivity. Cumulative studies have demonstrated that allergic inflammation is characterized by a T helper 2 (Th2) cell-driven immune response. IgE binds to the high-affinity receptor of IgE on the surface of mast cells in order to sensitize them. Re-exposure to the specific antigens cross-links the IgE/FcεRI complexes on the surface of mast cells to trigger degranulation and release of inflammatory mediators (4, 5) . Skewed Th2-cell proliferation plays a critical role in the induction of allergic inflammation by secreting interleukin (IL)-4, IL-5 and IL-13 after activation (1) , while the factors involved in the maintenance of Th2-cell polarization in allergic conditions require further elucidation.
The T-cell immunoglobulin and mucin domain (TIM) family is a recently identified transmembrane molecular group; it consists of 8 members (TIM1-TIM8) in mice and 3 members (TIM1, TIM3 and TIM4) in humans (6) . TIMs are involved in the regulation of innate and adaptive immune responses, such as allergy, asthma, autoimmunity and transplant tolerance (7, 8) . TIM1, TIM3 and TIM4 have distinct functions in immune responses and they are expressed by different immune cells. Previous studies demonstrated that TIM1 was a susceptibility gene for asthma and allergy, which was preferentially expressed on activated Th2 cells; by contract, TIM4 is mainly expressed on antigen-presenting cells (APCs) (8) . As one of the potent co-stimulatory signals from APCs, TIM4̸TIM1 interaction facilitates Th2-cell activation and plays an important role in allergic conditions (7, 9) . The crystal structures of TIM1 and TIM4 include an immunoglobulin variable (IgV) domain (10) . TIM1 is co-localized with CD3 on the T-cell surface, and may be functional as part of the T-cell receptor (TCR) signaling complex during T-cell activation, possibly through IL-2-induced T-cell kinase (ITK) and phosphoinositide 3-kinase (PI3K) phosphorylation. Overexpression of TIM1 in T cells enhances the transcription of the IL-4 promoter (8, 11 required to evaluate the intracellular mechanisms of the TIM1 pathway on CD4 T-cell responses in allergic conditions. Silent information regulator 1 (SIRT1), as a class III histone deacetylase, belongs to one of seven SIRT family members. It was previously revealed that SIRT members had conserved sequences, expressed in bacteria, mammalian and humans (12) . SIRT1 deacetylates histones and other non-histone proteins, and is a multifunctional molecule involved in a variety of pathways, such as cell differentiation, apoptosis, cell aging, tumor suppression and regulation of asthmatic inflammation (12, 13) . Notably, SIRT1 was reported to be associated with regulation of asthmatic inflammation and Th2-cell responses by inhibiting gene expression via post-translational modification of histone proteins (14, 15) . The expression of SIRT1 in allergic conditions and the role of SIRT1 in the TIM4̸TIM1 interaction-mediated CD4 + T-cell response has not been clearly determined. The aim of the present study was to investigate the expression of SIRT1 in mice with AR, and determine whether SIRT1 levels are increased in the nasal mucosa of mice with AR. In addition, the effect of the TIM4̸TIM1 interaction on SIRT1 expression in splenic CD4 + T cell from mice with AR was investigated, as was the effect of increased SIRT1 expression on Th2-cell polarization. Mice. A total of 48 female BALB/c mice (6-8 weeks old and weighing 18-22 g) were purchased from the Guangzhou Experimental Animal Center and were housed under pathogen-free conditions. The experimental procedures were approved by the Animal Ethics Committee at the ENT Institute of Shenzhen.
Materials and methods

Reagents
Induction of nasal allergic inflammation in mice. The AR murine model was constructed as previously described, with slight modifications (16 Histology. The nasal mucosa samples were collected and fixed in 4% paraformaldehyde overnight and processed for paraffin embedding. Sections (4 μm) were prepared and stained with hematoxylin and eosin for detection of inflammatory cell infiltration.
ELISA. The serum levels of OVA-specific IgE were measured with purchased reagent kits (Wuhan EIAab Science) following the manufacturers' instructions. Flow cytometry. Cells were collected from the culture and fixed with 1% formaldehyde and 0.1% Triton x-100 (and permeabilization buffer, if necessary) for 30 min at 4˚C, washed with 1% bovine serum albumin (BSA)/phosphate-buffered saline (PBS) 3 times, and blocked for 30 min at 4˚C with 1% BSA. Cells were incubated with the fluorescence-labeled antibodies for 1 h at room temperature. After washing with PBS, the cells were analyzed with a flow cytometer (FACSCanto II; BD Biosciences, Franklin Lakes, NJ, USA).
Western blot analysis. Total protein was extracted from the cells with a protein extraction buffer [M-PER™ Mammalian
Protein Extraction Reagent (cat. no. 78503); Thermo Fisher, Shanghai, China]. The protein concentration was measured by the bicinchoninic acid method. After denaturing, the samples were loaded in duplicate onto a 10% sodium dodecyl sulfate polyacrylamide gel; proteins were separated by electrophoresis and transferred onto a nitrocellulose membrane. The membrane was blocked by 5% skimmed milk for 30 min and incubated with the primary antibodies (50-100 ng/ml) followed by the secondary antibodies. The immune complex on the membrane was developed by enhanced luminol-based chemiluminescence and the results were photographed using the UVP BioSpectrum Imaging system (BioSpectrum, Upland, CA, USA).
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Nasal mucosa was removed and total RNA was extracted using an RNeasy mini kit (Qiagen, Inc., Valencia, CA, USA). A total of 1 µg RNA was reverse-transcribed into cDNA with the IScript™ cDNA synthesis kit (Bio-Rad Laboratories, Inc., Hercules, CA, USA) according to the manufacturer's protocol. The resulting complementary DNA was then subjected to qPCR on the MiniOpticon PCR system. The primers used in the experiments were as follows: SIRT1: Forward, ctg ttg acc gat gga ctc ct and reverse, gcc aca gcg tca tat cat cc; β-actin: Forward, gtg gga atg ggt cag aag ga and reverse, tca tct ttt cac ggt tgg cc. The amplification protocol was performed as follows: 1 cycle at 98˚C for 1 min followed by 40 cycles at 98˚C for 10 sec, 55˚C for 20 sec, and 72˚C for 30 sec. The relative SIRT1 gene expression compared with a housekeeping gene was analyzed using the comparative quantification cycle method.
Statistical analysis.
All values are presented as mean ± standard deviation of a minimum of three independent experiments. The values were analyzed by one-way analysis of variance, followed by Tukey's test for multiple comparisons. P<0.05 was considered to indicate statistically significant differences.
Results
Establishment of mouse model with nasal Th2 type inflammation.
A mouse model of AR was developed as previously reported (16) . Compared with the control group, mice sensitized with OVA and alum (AR group) had more denuded skin around the nose and a higher number of scratching events (data not shown). OVA-specific IgE (SIgE) was detected in the serum (Fig. 1A) . Inflammatory cell infiltration in the nasal mucosa was observed in the AR group (Fig. 1B and C) . As shown by flow cytometry, more IL-4 + CD4 + T cells and fewer IFN-γ + CD4 T cells were detected in the spleens of the allergy group compared with the control group (Fig. 1D) .
The TIM4̸TIM1 interaction promotes Th2-cell proliferation. Splenic DCs were isolated from AR mice and control mice. The DCs were pulsed with OVA (10 ng/ml) in the culture for 3 days. TIM4 expression was detected in DCs by confocal microscopy ( Fig. 2A) . DCs from the AR group exhibited higher expression of TIM4 compared with the control group. Splenic CD4 + T cells were isolated and co-cultured with DCs in the presence of OVA (10 ng/ml) for 3 days and analyzed by flow cytometry. CD4 + T cell proliferation from the AR group was markedly increased, which was inhibited by gene silencing of TIM4 in DCs and TIM1 in CD4 + T cells ( Fig. 2B and C) . The results suggest that the TIM4̸TIM1 interaction facilitates Th2-cell proliferation in AR mice.
The TIM4̸TIM1 interaction modulates SIRT1 expression in splenic CD4
+ T cells. To determine the role of the TIM4̸TIM1 interaction in the expression of SIRT1 in DCs, samples of splenic DCs were analyzed by RT-qPCR. It was observed that the SIRT1 mRNA expression was increased in the nasal mucosa of AR mice, which was blocked by caudal vein injection of anti-TIM1 blocking antibody (50 µg/mouse) (Fig. 3A) . Next, the effect of the TIM4̸TIM1 interaction on SIRT1 expression was evaluated in CD4 + T cells. Splenic mononuclear cells in each group were collected and cultured with OVA (10 ng/ml) for 3 days, CD4 + T cells were isolated by microbeads, and SIRT1 expression in CD4 + T cells was assessed by western blot analysis. The results demonstrated that Akt phosphorylation was increased in splenic CD4 + T cells from the AR group and it was inhibited by TIM1 gene silencing (Fig. 3B) . The SIRT1 expression was higher in splenic CD4 + T cells from the AR group compared with the control group, while SIRT1 expression was inhibited by adding Ly294002 (PI3K/ Akt inhibitor) to the culture or via TIM1 gene silencing, and was enhanced in CD4 + T cells from the AR group by culturing with TIM4-Ig (Fig. 3C) . These results indicate that the TIM4̸TIM1 interaction modulates SIRT1 expression in splenic CD4 + T cells during allergic inflammation via PI3K/ Akt signaling.
SIRT1 facilitates CD4
+ T-cell proliferation. To elucidate the role of SIRT1 in CD4 + T-cell proliferation, splenic DCs (10 5 cells/well) and CD4 + T cells (10 6 cells/well) from the AR or the control group were co-cultured in the presence of OVA (10 ng/ml) for 3 days. CD4 + T cells were labeled with CFSE or Annexin V for proliferation and apoptosis assessment by flow cytometry. The results demonstrated that CD4 + T-cell proliferation was ~9.2% in the control group, whereas it was >40% in the AR group, which was markedly reduced by treatment with siRNA-TIM1 (12.3%) or the addition of sirtinol (13%), and enhanced by resveratrol stimulation (46.3%). The proportion of CD4 + T-cell apoptosis in the AR group (14.4%) was higher compared with that in the control group (1.85%), but the percentage of apoptosis by treatment with siRNA-TIM1 (37.6%) or sirtinol (33.3%) increased markedly, and was inhibited by treatment with resveratrol (7.45%) (Fig. 4) . These findings indicate that SIRT1 regulates CD4 + T-cell proliferation and apoptosis in allergic inflammation.
SIRT1 regulates FasL, caspase-3 and p53 expression in CD4
+ T cells. To understand the underlying mechanisms, the expression of FasL, caspase-3 and p53 was analyzed in CD4 + T cells. Splenic cells from the AR and control groups were cultured with OVA (10 ng/ml) for 3 days. Compared with the AR group, the addition of sirtinol (100 µM) to the culture significantly increased FasL (Fig. 5) , caspase-3 and p53 expression in CD4 + T cells, whereas treatment with resveratrol (100 µM) decreased the expression of FasL, caspase-3 and p53 in CD4 + T cells to the levels of the control group. These results suggest that SIRT1 downregulates the expression of FasL, caspase-3 and p53 in CD4 + T cells.
Discussion
Skewed Th2-cell proliferation plays a critical role in the induction of allergic inflammation, while the factors that initiate and maintain Th2-cell polarization in allergic diseases remain unclear. The TIM4̸TIM1 interaction, as one of the co-stimulatory signals, is involved in the pathogenesis of allergic conditions (7) (8) (9) . Using an AR mouse model, the present study demonstrated that TIM4 expression in splenic DCs was increased in AR mice, and the TIM4̸TIM1 interaction promoted the expression of SIRT1 in CD4 + T cells during allergic inflammation via promoting PI3K/Akt phosphorylation. SIRT1 facilitated CD4
+ T-cell proliferation through downregulating FasL, caspase-3 and p53 expression in AR mice. TIM1 is associated with the Th2 pattern of inflammation and Th2 cytokine expression; activated T cells expressed higher levels of TIM1 (17) . TIM4, as a type I cell surface glycoprotein, is specifically expressed by APCs, such as DCs. Blockade of TIM4 on DCs repressed Th2-cell differentiation and impeded IL-4 signal transducer and activator of transcription 6 signaling (18) . Consistent with these results, we observed that blockade of TIM1 or TIM4 inhibited CD4 + T-cell proliferation in AR mice. This result is supported by other studies reporting that antagonists of TIM1 blocked allergic inflammation in mouse models of asthma (19, 20) and allergic gut inflammation (9) .
TIM1 is preferentially expressed on Th2 cells and may be upregulated following TCR stimulation (21) . Stimulation of TIM4 is required by TIM1-induced T-cell proliferation (22) . Previous data, as well as the present findings, indicated that TIM4/TIM1 interaction is involved in the pathogenesis of allergic diseases, while the mechanisms underlying the TIM4̸TIM1 interaction in the maintenance of allergic conditions, and the precise intracellular downstream signaling by TIM1 and TIM4 engagement, remain obscure (8) . TIM1 is co-localized with CD3 on the surface of T cells, and may function as part of the TCR signaling during T-cell activation, possibly through IL-2-induced ITK and PI3K phosphorylation (8, 11, 23) . SIRT1 plays an important role in cell differentiation, apoptosis and tumor suppression via post-translational modification of histone proteins, and is involved in allergic inflammation (14, 15) . Published data demonstrated that the PI3K̸Akt signaling pathway is required for the regulation of SIRT1 expression (24, 25) . We also observed that SIRT1 mRNA expression was increased in the nasal mucosa of AR mice. The results indicate that the TIM4̸TIM1 interaction modulates SIRT1 expression in splenic CD4 + T cells during allergic inflammation via PI3K/Akt phosphorylation. SIRT1 is one of the deacetylases associated with asthma, and Kim et al reported that SIRT1 expression was increased in an OVA-induced murine allergic airway model, which was correlated with increased levels of IL-4, IL-5 and IL-13 and inflammatory cell infiltration in lung tissues (26) . SIRT1 promotes adaptive Th2-cell responses by repressing peroxisome proliferation-activated receptor-γ activity in DCs in an induced allergic airway mouse model (15) . Our data demonstrated the role of SIRT1 in CD4 + T-cell proliferation. The findings indicated that SIRT1 enhances CD4 + T-cell proliferation and inhibits their apoptosis in allergic inflammation. As a multifunctional molecule, SIRT1 is involved in a variety of molecular pathways, such as cell differentiation, cell aging and anti-inflammation. Our results revealed a novel functional aspect of SIRT1 that promotes adaptive Th2-cell responses. Other studies reported that SIRT1 plays a role in maintaining T-cell balance and exerts anti-inflammatory effects by inhibiting proinflammatory transcription factors (12) . Lung SIRT1 expression decreased, while serum SIRT1 increased, in the setting of asthma (13) . SIRT1 expression was reduced in the peripheral blood mononuclear cells of patients with severe asthma, and the inhibition of SIRT1 promotes a Th2-like phenotype in T cells and IL-4 gene expression via acetylation of GATA-3, but there was no correlation between IL-5 transcripts and SIRT1 activity. These inconsistent results may be due to the fact that the decrease in SIRT1 appears to be associated with oxidative stress in patients with severe asthma (14) .
SIRT1 localizes in the nucleus as well as the cytoplasm and, thus, may interact with both nuclear and cytosolic proteins, and deacetylates histones and various transcription factors, such as p53 and FOXO (27) . It was previously reported that SIRT1 may be a potential oncogene, which prevents apoptosis and senescence by interacting with and targeting p53 for deacetylation and decreasing p53-dependent transcriptional activity (12) . It also suppresses FasL expression in activated T cells to interfere with activation-induced cell death (AICD) (28) . Caspase-3 plays an important role in the induction of cell apoptosis (29) . Our previous study suggested that Fas/FasL, p53 and caspase-3 are involved in the course of CD4 + T-cell apoptosis and AICD (30) . In the present study, to elucidate the mechanisms underlying SIRT1 regulation of CD4 + T-cell proliferation in allergic inflammation, the expression of FasL, caspase-3 and p53 was determined in CD4 + T cells. The results suggested that SIRT1 downregulates FasL, caspase-3 and p53 expression in CD4 + T cells. In conclusion, the present study demonstrated that the TIM4̸TIM1 interaction promotes PI3K/Akt phosphorylation in CD4 + T cells, resulting in increased SIRT1 expression; SIRT1 then facilitates CD4 + T-cell proliferation through downregulating FasL, caspase-3 and p53 expression in AR mice. These results suggest that the TIM4/TIM1 interaction modulates Th2-cell inflammation through enhancing SIRT1 expression.
